Previously, we identified that a majority of patients with anorexia nervosa (AN) and bulimia nervosa (BN) as well as some control subjects display autoantibodies (autoAbs) reacting with ␣-melanocyte-stimulating hormone (␣-MSH) or adrenocorticotropic hormone, melanocortin peptides involved in appetite control and the stress response. In this work, we studied the relevance of such autoAbs to AN and BN. In addition to previously identified neuropeptide autoAbs, the current study revealed the presence of autoAbs reacting with oxytocin (OT) or vasopressin (VP) in both patients and controls. Analysis of serum levels of identified autoAbs showed an increase of IgM autoAbs against ␣-MSH, OT, and VP as well as of IgG autoAbs against VP in AN patients when compared with BN patients and controls. Further, we investigated whether levels of these autoAbs correlated with psychological traits characteristic for eating disorders. We found significantly altered correlations between ␣-MSH autoAb levels and the total Eating Disorder Inventory-2 score, as well as most of its subscale dimensions in AN and BN patients vs. controls. Remarkably, these correlations were opposite in AN vs. BN patients. In contrast, levels of autoAbs reacting with adrenocorticotropic hormone, OT, or VP had only few altered correlations with the Eating Disorder Inventory-2 subscale dimensions in AN and BN patients. Thus, our data reveal that core psychobehavioral abnormalities characteristic for eating disorders correlate with the levels of autoAbs against ␣-MSH, suggesting that AN and BN may be associated with autoAb-mediated dysfunctions of primarily the melanocortin system.
anorexia ͉ autoimmunity ͉ behavior ͉ bulimia ͉ hypothalamus N europeptides are important transmitters in the brain limbic and neuroendocrine systems involved in the regulation of different modalities of feeding, social and defensive behaviors, the stress response, and homeostasis (1) . These roles of neuropeptides suggest a possible implication in some neuropsychiatric conditions primarily manifested by behavioral abnormalities (2, 3), including anorexia nervosa (AN) and bulimia nervosa (BN) (4) . Although changes in concentrations of some neuropeptides in plasma or in cerebrospinal fluid have been noted in patients with eating disorders (5, 6) , the mechanisms underlying these changes are unknown, and the modern therapy of eating disorders adopts the symptomatic approach (7) .
In search of possible peptidergic mechanisms underlying eating disorders, we recently found that a majority of a group of Swedish AN and BN patients display autoAbs against ␣-melanocyte-stimulating hormone (␣-MSH) (8) , a melanocortin peptide involved in appetite control (9) (10) (11) (12) . AutoAbs against adrenocorticotropic hormone (ACTH) and luteinizing hormone-releasing hormone (LHRH) also were identified in some patients and controls (8) . The growing evidence of the immune system's critical involvement in some neurological and psychiatric disorders (13) suggests that autoAbs reacting with neuropeptides responsible for the central control of appetite may partake in the pathogenesis of eating disorders.
In the present work, we further studied the occurrence of these autoAbs in AN and BN using a patient sample from Estonia. In these sera we in addition identified autoAbs reacting with oxytocin (OT) and vasopressin (VP), two neurohormones primarily involved in the regulation of water balance as well as in several motivated behaviors, including central mechanisms of social interactions (14, 15) . Furthermore, to clarify the relevance of identified autoAbs reacting with neuropeptides to the symptoms of eating disorders, we tested our hypothesis that the levels of such autoAbs may correlate with the range of psychological problems in AN and BN patients. For this purpose, the widely used and reliable Eating Disorder Inventory (EDI-2) test (16, 17) was used to assesses the cognitive and behavioral characteristics commonly found in individuals with AN and BN, while autoAbs levels were measured by ELISA. (18) . Sera from female volunteers (mean age 21.4 yr, n ϭ 41, BMI 20.2 Ϯ 2.41) served as the control group. Serum samples from AN and BN patients and controls were taken on the day of completing the EDI-2 test, instantly frozen, and kept at Ϫ70°C until processed for immunohistochemistry or ELISA.
Methods
Immunohistochemical Screening of Human Sera. To detect presence of IgG autoAbs against hypothalamic neuropeptides, sera from patients and controls were applied on rat hypothalamic and pituitary sections and processed immunohistochemically (8) . Experiments were designed in accordance with guidelines on animal care and approved by the local ethical committee, Stockholms norra djurförsöksetiska nämnd. One day before they were killed, some rats were treated by intracerebroventricular injection of colchicine (120 g in 20 l of 0.9% NaCl) to cause accumulation of neuropeptides in the cell soma due to interruption of axonal transport. To test the specificity of autoAb binding, the targeted molecules were identified by preadsorption of human sera with synthetic neuropeptides, as described in ref. 8 (for details see Supporting Methods, which is published as supporting information on the PNAS web site).
Abbreviations: ␣-MSH, ␣-melanocyte-stimulating hormone; ACTH, adrenocorticotropic hormone; AN, anorexia nervosa; BMI, body mass index; BN, bulimia nervosa; EDI-2, Eating Disorder Inventory-2; LHRH, luteinizing hormone-releasing hormone; OT, oxytocin; VP, vasopressin.
Competitive ␣-MSH Binding. ␣-MSH receptor binding was performed as described in ref. 19 . Total IgG was purified from AN patient serum with high levels of ␣-MSH IgG Abs. Incubations of rat brain sections with 0.1 nM 125 I-labeled ␣-MSH (PerkinElmer) were done with and without purified IgG. Resulting autoradiographs were quantified for the relative optical density in the hypothalamus (for details see Supporting Methods).
ELISA. Levels of IgG and IgM autoAbs against ␣-MSH, ACTH, OT, or VP were measured by using the ELISA technique (for details see Supporting Methods). Each determination was done in duplicate. The coefficient of variation between duplicate values was Ͻ5%. F(abЈ) fragments were prepared by pepsin digestion (20) .
EDI-2 Test. The EDI-2 (17) is a self-report instrument and an expanded version of the EDI (16) . The revision retained the original 64 items measuring eight cognitive and behavioral dimensions common in AN and BN, such as Drive for Thinness, Bulimia, Body Dissatisfaction, Ineffectiveness, Perfectionism, Interpersonal Distrust, Interoceptive Awareness, and Maturity Fears. To the EDI-2, 27 items were added to form three new subscale symptoms such as Ascetism, Impulse Regulation, and Social Insecurity. Each item responded to a 6-point scale, ranging from 0 (never) to 5 (always), which was recorded to a 4-point scale from 0 to 3 (original 0,1, and 2 are all reduced to 0; whereas 3,4, and 5 correspond to 1, 2, and 3, respectively). The validity of the Estonian version of the EDI-2 test was previously confirmed (21) . To test our hypothesis that the plasma levels of autoAbs against ␣-MSH, ACTH, OT, and͞or VP correlate with the degree of psychological problems in AN and BN patients, we compared correlations between the plasma levels of each Abs and the EDI-2 total as well as each EDI-2 subscale score among the controls, AN, and BN patients. A general linear model of multiple regression analysis was used to compare the possible correlations. Full factorial analysis between the categorical predictor (groups: AN, BN, and controls), the continuous predictor (Ig), and the dependent factor (EDI score) was computed, resulting in the invariant test of significance (sigma-restricted parameterization). If this test showed significant differences (P Ͻ 0.05) between the groups, we recorded ␤-correlations and their P values, which illustrate alterations in direction and magnitude of correlations for each EDI͞Ig pair in AN or BN vs. controls. Additionally, Pearson's r moment correlation factors with P values were computed for each EDI-total͞Ig and EDIsubscale͞Ig pairs as well as for each BMI͞Ig pairs. Single-factor ANOVA and the Fisher least significant difference test were used to compare means of BMI and total EDI-2 score between controls and AN and BN patients. Unpaired, two-tailed Student's t test was used to compare the relative optic density levels of ␣-MSH binding on the rat brain sections.
Results
Immunohistochemical Identification of AutoAbs. Previously, by using immunohistochemistry, we identified the presence of IgG autoAbs against ␣-MSH, ACTH, and LHRH in Swedish patients with eating disorders and controls (8) . In the present work, by using the same approach in an Estonian sample, we also detected a distinct pattern of immunostaining of the rat brain and pituitary sections produced by some, but not all, sera from patients and controls. Most commonly, this pattern included ␣-MSH-like staining in the hypothalamic arcuate nucleus and the intermediate pituitary lobe, ACTH-like staining in the anterior pituitary lobe, and͞or OT͞VP-like staining in the supraoptic and paraventricular nuclei and their projections by means of the median eminence to the posterior pituitary lobe. Less commonly, LHRH-like staining in the external layer of the median eminence also was detected. An example of this pattern and its incidence among AN, BN, and controls is illustrated in Fig. 1 . By using absorption of sera with synthetic ␣-MSH, ACTH, and LHRH we confirmed our previous data on the presence of IgG autoAbs reacting with the corresponding peptides (data not shown). Abolishment or reduction of OT͞VP-like staining was found after absorption of sera with either synthetic OT or VP (10 Ϫ6 M), providing evidence that patients and controls also display circulating IgG autoAbs reacting with these two neuropeptides (Fig. 2 ).
␣-MSH Binding. The autoradiographic analysis of ␣-MSH binding revealed a characteristic distribution of the signal in the hypothalamus and in the medial habenula ( Fig. 3) as reported in ref. 22 . Quantification of the signal intensity in the hypothalamus showed a 25% decrease in the ␣-MSH IgG group vs. control group (relative optic density Ϯ SD, 0.024 Ϯ 0.007 vs. 0.018 Ϯ 0.006, respectively; P Ͻ 0.01). Levels of AutoAbs by ELISA. We used ELISA to measure levels of serum IgG autoAbs as well as to verify the presence and measure levels of IgM autoAbs reacting with ␣-MSH, ACTH, OT, or VP in patients and controls. The true Ab nature of autoAbs binding to synthetic peptides in microplates was proven, because F(ab)2 fragment of IgG retained 75% of the binding shown by IgG. The binding was inhibitable in all four assay systems in a dosedependent manner by competition with antigen. Large variations in the levels of autoAbs against all four neuropeptides were found in both patients and controls. Because of a nonhomogenous distribution of OD values within the groups as assessed by the Cohran-C test, a nonparametric statistical analysis was used to test for possible differences between the groups. Significantly increased (Kruskal-Wallis, P Ͻ 0.01) levels of IgM autoAbs against ␣-MSH, OT, and VP, as well as IgG autoAbs against VP were found in AN patients vs. either controls or BN patients, whereas IgG autoAbs levels against OT were found to be lower (Fig. 4) .
Correspondence Between Immunohistochemical and ELISA Data.
To analyze whether the immunohistochemical detection of autoAbs corresponded to the levels of autoAbs as measured by ELISA, the intensity of the neuropeptide-like staining was subjectively rated from 0 (no staining) to 3 (very strong). It appeared that only in the AN group the intensity of ␣-MSH-like staining correlated positively with the ELISA values for ␣-MSH autoAbs (r ϭ 0.76, P Ͻ 0.01), whereas no such correlations were found in other groups or for other neuropeptide autoAbs. Accordingly, in the three AN sera that did not show ␣-MSH-like immunostaining, the OD values for ␣-MSH IgG levels were in the lowest range (0.3-0.8). Surprisingly, in the control sera, a similar low range of OD often was accompanied by visible ␣-MSH-like staining, whereas higher levels of OD did not correspond to the strong ␣-MSH-like staining. However, in our routine immunohistochemical studies, we also have sometimes experienced lack of correlation between titer and stainability. This phenomenon may be due to several factors, for example that not all Abs may react equally well on formalin-fixed tissue.
BMI and Neuropeptide AutoAbs. The BMI was significantly different among the patients and controls (ANOVA, P Ͻ 0.01). The BMI in AN patients was lower vs. controls and vs. BN patients (Fisher's least significant difference, mean BMI Ϯ SD, 16.3 Ϯ 1.99 vs. 20.2 Ϯ 2.41 and vs. 20.8 Ϯ 1.97, respectively; P Ͻ 0.01 for both), but the BMI of BN patients and of controls was not significantly different. Among all possible combinations evaluated between the BMI and neuropeptide Ig levels, significant Pearson's correlations were found between the BMI and ␣-MSH IgG levels in BN (r ϭ Ϫ0.46, P Ͻ 0.01) and between the BMI and VP IgG levels in AN (r ϭ Ϫ0.6, P Ͻ 0.05).
EDI-2 and Neuropeptide AutoAbs. The total EDI-2 scores differed significantly among the three groups (ANOVA, P Ͻ 0.01): AN patients (mean EDI-2 score Ϯ SD, 71.2 Ϯ 40.8), BN patients (94.6 Ϯ 42.2), and controls (34.7 Ϯ 23.5). The total EDI-2 score was not significantly different between AN and BN patients, but both patient groups scored higher than controls (Fisher's least significant difference, P Ͻ 0.01 for both).
Screening of all of the combinations between the subscale score of the EDI-2 and the Abs levels as measured by ELISA, using our statistical model, we found several pairs that significantly differed among the controls and AN and BN patients. Most of the significant differences between patients and controls (␤-correlations) were found in various psychological dimensions of EDI-2 vs. levels of autoAbs against ␣-MSH (Table 1 ). These differences were also significant for the total EDI-2 score (Table  1 and Fig. 5 ). Some significant ␤-correlations also were noted for autoAbs against ACTH, OT, and VP; such as a strong link between the levels of IgG autoAbs against ACTH and the score for Maturity Fears (AN, ␤ ϭ 1.01; BN, ␤ ϭ Ϫ1.15, P Ͻ 0.01); and a less strong link between levels of OT and VP IgM autoAbs and score for Bulimia (AN, OT, ␤ ϭ Ϫ0.37; VP, ␤ ϭ Ϫ0.33, P Ͻ 0.05 for both; BN, OT, ␤ ϭ 0.37, P Ͻ 0.05, VP, ␤ ϭ 0.42, P Ͻ 0.01). Remarkably, all of the ␤-correlations in AN were opposite from those in BN. To further analyze the origin of these differences, we searched for the correlation factors (Pearson's r) between Abs levels and EDI-2 total and subscale score. No significant Pearson's correlations for these pairs existed among controls, but many of them were present in AN and BN patients ( Table  2 ). In contrast, for the pairs without significant ␤-correlations, some significant Pearson's correlations were found in all groups (Table 3) .
Discussion
Possible Physiological Significance of Neuropeptide AutoAbs. Our work shows that autoAbs (IgG and IgM) against ␣-MSH, ACTH, OT, and VP can be detected in patients with eating disorders as well as in control subjects. The occurrence of neuropeptide autoAbs in control subjects suggests that autoAbs reacting with these neuropeptides͞neurohormones might constitute a neuroimmunoendocrine mechanism that could be beneficial for the homeostatic control. The postulated functional role of neuropeptide autoAbs generally corresponds to the concept of chemical homeostasis proposed for natural autoAbs reacting with small molecules including some neurotransmitters and cytokines (23) (24) (25) (26) . Igs are relatively long-lived molecules compared with neuropeptides, i.e., the in vivo plasma half-lives for IgM and IgG are 5 and 23 days, respectively (27) vs. minutes for neuropeptides (e.g., 8 min for ACTH and 15 min for VP) (28) . In this way, in normal conditions, autoAbs could serve as long-term regulatory factors, similar to well-known hormonebinding proteins, stabilizing͞protecting and maintaining the levels of secreted neuropeptides͞neurohormones.
Relevance of Neuropeptide AutoAbs to AN and BN. Our findings that the levels of IgM or IgG subclasses of autoAbs reacting with ␣-MSH, OT, or VP significantly differ between AN and BN patients or controls suggest that these autoAbs could be relevant to the development of eating disorders. However, because some control subjects displayed higher levels of autoAbs than some AN and BN patients, it is clear that their merely elevated serum levels are not sufficient to cause eating disorders. Nevertheless, our data revealing altered correlations between autoAbs levels and the psychological dimensions of the EDI-2 in AN and BN patients indicate that normally nonharmful autoAbs may become pathogenic. The necessary factor for this switch could be an increased blood-brain barrier permeability triggered by various stressful events, such as starvation, infection, or psychological stress. In fact, it has recently been shown that circulating NMDA Abs are not pathogenic until they cross the blood-brain barrier, resulting in cognitive impairment (29) . We show that autoAbs levels are associated with discrete psychological dimensions that constitute psychological phenotypes of eating disorders. As such, the majority of defining psychological traits in AN and BN patients were found to be associated with autoAb levels against ␣-MSH, including Drive for Thinness, Bulimia, Ineffectiveness, Interpersonal Distrust, Ascetism, Impulse Regulation, and Social Insecurity. Additionally, a significant Pearson's correlation was found between ␣-MSH IgG level and Body Dissatisfaction in BN. Indeed, the first three dimensions of the EDI have been reported to constitute the core psychological symptoms in both AN and BN patients (30) . Hence, autoAbs against ␣-MSH appear to be relevant to these symptoms, and the most likely route seems to be interference with the central melanocortin system. In fact, the dysregulation of the central melanocortin system may result in psychobehavioral abnormalities characteristic for eating disorders, because critical involvement of melanocortins in the central control of appetite and body weight is well known (9) (10) (11) (12) 31) , and, besides the control of appetite, melanocortins are involved in variety of motivated behavior (32) and affective states (33) (34) (35) . The mechanism of possible autoAbs interference with the melanocortin system may include a direct blockage of melanocortin receptors (as we observed in our in vitro study) by ␣-MSH-autoAbs complexes, rendering them inaccessible for orexigenic agouti-related protein (36) or by complementmediated damage to the cells bearing the peptide-receptor complex.
Interestingly, our data show that correlations for ␣-MSH IgG and IgM isotypes were opposite for a given psychological dimension. Moreover, these correlations in AN patients often were ''mirrored'' in BN patients. Because AN and BN are both characterized by preoccupation with appetite and by other psychopathological traits, as reflected in the elevated EDI scores in both groups, it was surprising that in AN patients the elevated EDI-2 scores were associated with higher levels of ␣-MSH IgG autoAbs isotype but were associated in BN with the IgM isotype. Although the origin of this phenomenon needs further investigation, we can speculate that some characteristics of autoAbs reacting with ␣-MSH could be associated with development of either anorexia or bulimia.
In addition to ␣-MSH autoAbs, some significant ␤-correlations between EDI-2 subscale dimensions and other neuropeptide autoAbs were found in AN and BN patients. Among them, the score for Bulimia was associated with the levels of OT and VP IgM autoAbs. Concentrations of both OT and VP were reported to be altered in anorectic patients (5, 6) , and both peptides are known for their suppressive effect on food intake (37, 38) , suggesting that OT and VP autoAbs also could be relevant to appetite control. However, it is perhaps more likely that a possible derangement of OT-and VP-ergic systems by autoAbs primarily underlie elevated anxiety and difficulties in establishing social contacts in patients with eating disorders (39) . Both OT and VP are known for their anxiolytic and anxiogenic effects, respectively (40, 41) , as well as for their role in brain mechanisms of social interactions (14, 15) . Supporting these roles of OT and VP, Social Insecurity correlated with levels of VP IgG (Table 3) in BN patients, whereas levels of OT IgG in this correlation was close to significance (P ϭ 0.05). Further, Maturity Fears in both patient groups were strongly associated only with ACTH autoAbs, suggesting that this psychological trait is primarily related to the activity of the hypothalamic-pituitaryadrenal axis. Maturity Fears, as defined by Garner et al. (16) , measures one's wish to retreat to the security of the preadolescent years as a response to the overwhelming demands of adulthood. Thus, ACTH autoAbs may represent a pathophysiological link for a range of stress-related disorders characterized by failure of adaptation mechanisms (42) .
Interestingly, some significant Pearson's correlations between autoAb levels and the EDI-2 subscale score were found also within the control group ( Table 3 ), suggesting that already in normal subjects autoAbs against neuropeptides might influence some psychological traits. As such, a significant correlation found between OT IgM levels and the total EDI-2 score supports the idea of OT being the key messenger in the normal stress response in females (43, 44) .
To the Origin of Neuropeptide AutoAbs. The large variation in the levels of autoAbs against ␣-MSH, ACTH, OT, and VP from zero to high OD values found in some apparently normal control subjects indicates a complex origin. The concept of molecular mimicry (45) between pathogenic and nonpathogenic microorganisms and neuropeptides can be applied to explain putative mechanisms. In fact, fragments of both ␣-MSH and ACTH primary protein sequences display at least five consecutive amino acids identical to some bacterial and viral proteins, such as those from Escherichia coli, Helicobacter pylori and Influenza A virus (46) . It is therefore possible that intestinal microflora or some infections may be responsible for the appearance of Abs that will be able to bind neuropeptides. The inductive role of the intestinal microflora is of particular interest, because it installs early in life and is influenced by hygienic standards. An example of this important role is the isohemagglutinins of the ABO blood The correlation coefficients, Pearson's r ( * , P Ͻ 0.05; ** , P Ͻ 0.01) for those pairs (EDI-2 score͞autoAbs level), which did not show significant ␤-correlations among AN and BN patients and controls. For abbreviations, see Table 2 .
group induced by a variety of the normal gut flora (47) . Indeed, if the intestinal route is the main source of autoAbs reacting with neuropeptides, it might explain the higher incidence (63%) of ␣-MSH-like staining by sera from Estonian controls in the present study vs. 16% in previously studied Swedish controls (8) , because significant differences in intestinal microflora have been found between Swedish and Estonian populations (48). The incidence of H. pylori, for instance, was reported to be as high as 56% in Estonian children ages 9-15 years (49) vs. only 10% in Swedish children of the same age (50) . Certainly, a direct comparison of neuropeptide autoAbs levels with relation to gut microflora would be interesting.
Conclusion
In conclusion, we found that ␣-MSH autoAbs are associated with core psychobehavioral abnormalities, whereas autoAbs reacting with ACTH, OT, or VP are associated with fewer psychopathological traits characteristic for patients with eating disorders. Our work provides previously undescribed evidence for a role of autoAbs reacting with hypothalamic neuropeptides in the origin of neuropsychiatric conditions characterized by distinct psychobehavioral abnormalities such as eating disorders. Based on our data and the known role of hypothalamic neuropeptides, we propose that autoAb-mediated dysfunctions of primarily the melanocortin system may contribute to the development of AN and BN. Further investigation of this previously undescribed concept in animal models could clarify the role of neuropeptide autoAbs in pathophysiology of AN and BN, with the aim of developing novel treatment strategies of eating disorders.
